How imaging changed the face of pediatric cardiology {#Sec1}
====================================================

One of the technical revolutions which changed the face and practice of pediatric cardiology, undoubtedly, was the development of noninvasive imaging techniques. Until about 40 years ago, clinicians could only vaguely imagine how the heart of their patients anatomically and functionally looked. It was the stethoscope, the ECG and the chest X-ray which guided the clinician to pediatric heart disease, and the clinical skills were at the 'heart' of the profession. The development of cardiac catheterization and angiography in the 1960s and echocardiography in the 1980s profoundly changed the face of pediatric cardiology. Cardiac catherization was the first technique which allowed imaging of the heart and extracardiac vessels by angiography. In addition, pressures can be directly measured and intracardiac shunts can be calculated. It is, however, an invasive procedure involving radiation and can be associated with complications \[[@CR6]\]. Cardiac ultrasound is a noninvasive technique allowing anatomy assessment, valvular function, as well as ventricular systolic and diastolic function \[[@CR12], [@CR42]\]. Initially the main developments in pediatric echocardiography were focussed on describing cardiac anatomy by 2D images. During the 1980s there were a very large number of publications describing the echocardiographic--morphological correlations resulting from a close collaboration between cardiac morphologists and pediatric cardiologists. In this era the different congenital lesions were described in detail and this contributed, to a large extent, to better treatment and outcome for patients. The additional development of Doppler techniques, which allowed visualization and quantifying of blood pool velocities, were extremely important for the increased accuracy in the diagnosis of pediatric heart disease. The 'echolab' has become a true morphologic and hemodynamic laboratory and transthoracic echocardiography has become the 'working horse' of pediatric cardiology. It has replaced cardiac catheterization for a large number of congenital abnormalities. Currently a lot of congenital lesions are referred directly to the surgeon for interventional catheterization based on an echocardiographic diagnosis only. These include lesions like atrial septal defects, ventricular septal defects, atrioventricular septal defects, simple forms of tetralogy of Fallot, arterial trunk and transposition of the great arteries. Diagnostic heart catheterization is only rarely performed for the morphologically 'simple' congenital lesions but is still performed for some of the more complex forms of congenital heart disease like the functionally univentricular heart. In most centers about 2/3 of all catheterizations are interventional.

Apart from transthoracic echocardiography, the development of transesophageal echocardiography was extremely important for congenital heart disease. In the late 1980s miniaturization of transesophageal probes allowed the use of transoesophageal echocardiography (TEE) especially for monitoring surgical and interventional techniques in the operating room and the catheterization laboratory \[[@CR44]\]. The introduction of peri-operative TEE resulted in better surgical outcomes and has had a significant impact on the number of re-operations due to residual lesions. Randolph et al. showed a major impact from peri-operative transesophageal echocardiography in up to 14% of patients \[[@CR37]\]. Using this technique the preoperative diagnosis can be refined and the immediate postoperative result can be evaluated after cardiopulmonary bypass in the operating room before the patient is transferred to the intensive care unit. Also, the development of some of the interventional catheterisation procedures, such as device closure of atrial septal and ventricular septal defects, has certainly been facilitated by the availability of TEE in the 'cath lab' \[[@CR32]\]. One of the limitations of the transesophageal probes is the rather big size which certainly limits their use in children \<3 kg. Since more and more children below this weight are undergoing cardiac surgery, this has become an important issue \[[@CR3], [@CR43], [@CR45]\].

Despite the impressive technical developments in echocardiographic technology during the past 50 years, there are still important challenges which new techniques try to answer. One of these challenges is the 2D nature of echocardiography which is used to look at complex moving 3D cardiac structures. The 3D relationships between the different anatomical structures need to be reconstructed in the mind of the echocardiographer. This requires a lot of training and expertise. Therefore there is a need for a real-time 3D echocardiographic technique. Also, the techniques used to evaluate left ventricular function in adult cardiology are not easily applicable to the complex world of congenital heart disease. The sometimes complex geometry and influence of variable loading conditions (pressure and volume loading) complicate the assessment of systolic and diastolic function in children. Often a subjective 'eyeballing' technique is used to evaluate cardiac function in children. So there is a need for better quantitative techniques for the assessment of ventricular function in children. Finally, the extracardiac structures, like the central and (particularly) peripheral pulmonary arteries, the aortic arch with the cervical vessels, and the systemic and pulmonary veins can sometimes be very difficult to image using echocardiography. To view these structures in detail, use of other imaging techniques like CT and MRI are necessary.

New developments in echocardiography as well as in other forms of cardiac imaging have tried to address these shortcomings in recent years. These include intracardiac echocardiography, 3D echocardiography, new techniques to assess ventricular function like tissue Doppler techniques, new developments in cardiac magnetic resonance imaging, and new developments in cardiac multislice CT. Finally it should be realized that especially echocardiography is an operator-dependent technique which requires extensive training. Recent European developments in training requirements and accreditation in pediatric and congenital echocardiography try to address this intrinsic problem.

How the face of cardiac imaging in pediatrics is changing. Recent developments in cardiac imaging {#Sec2}
=================================================================================================

Intracardiac echocardiography (ICE) {#Sec3}
-----------------------------------

Intravascular ultrasound to study intracoronary vessel wall anatomy is an established technique in cardiology/vascular biology \[[@CR35]\]. Combining the experiences of intravascular ultrasound with those of transesophageal echocardiography, the development of an intracardiac echoprobe, which can be put inside the heart to view the different cardiac structures without interference from extracardiac structures, was a logical step \[[@CR25], [@CR39]\]. An intracardiac echoprobe was developed which can be introduced into the femoral vein through a 10 French introducer and advanced into the atrium (Fig. [1](#Fig1){ref-type="fig"}). From this position different intracardiac structures can be imaged with high resolution. The probe acquires images in two different scanning planes only and is not a 'multiplane' probe like the current transoesophageal probes. Intracardiac echocardiograhpy is mainly used for monitoring invasive cardiac procedures like closure of atrial and ventricular septal defects and patent foramen ovale \[[@CR4], [@CR5], [@CR8], [@CR34], [@CR36]\]. The advantage is that one does not need a transesophageal probe (which causes discomfort for the patient) and an extra operator to manipulate the probe. This means that, especially in adults, the interventional procedures can be comfortably performed under local anesthesia. The disadvantage is the rather large introducer which limits its use in children and the high cost of the single-use intracardiac transducer. Recently, an 8 F intracardiac probe was developed \[[@CR28]\], which is a further improvement, as the intracardiac probe is much smaller compared to the current pediatric transesophageal probes. These probes have also been used as biplane transesophageal probes for small infants. The very low profile of the probe allows a safe introduction into the oesophagus in infants below 3 kg \[[@CR7]\]. Used this way, ICE probes have become popular tools to perform peri-operative TEEs in small infants undergoing cardiac surgery. Fig. 1Intracardiac echoprobes of 10 F and 8 F

Three-dimensional echocardiography {#Sec4}
----------------------------------

The heart is a complex 3D structure which can be very difficult to reconstruct by 2D images. Therefore the development of 3D imaging was a logical but difficult step. Originally 3D reconstruction could be obtained from ECG-gated 2D images obtained by probes rotating on the chest of the patients \[[@CR41]\]. This was a very cumbersome and time-consuming procedure requiring extensive off-line analysis. Moreover, the large probes did not really fit on small chests making the technique not applicable for children. It was only through the development of matrix probes, which can process ultrasound beams transmitted into the tissue in different directions, that real-time three dimensional echocardiography became technically feasible \[[@CR49]\]. These probes contain more than 2,000 elements which allow scanning in different planes at the same time. Using these new probes, full volumetric datasets of the beating heart can be obtained which can be rotated and rapidly sliced in almost any direction to analyze cardiac anatomy (Fig. [2](#Fig2){ref-type="fig"}). In this way the 3D relationships in cardiac structures can be studied in volumetric datasets obtained within the same heartbeat. Additionally, quantitative measurements allow use of this spatial information to more reliably measure surfaces, orifices, volumes, and shape. This spatial information is useful for the assessment of congenital heart disease. Currently, reports are being published on the use of this new technique in the assessment of atrial septal defects \[[@CR2], [@CR50]\], ventricular septal defects \[[@CR1], [@CR9], [@CR51]\], atrioventricular septal defects \[[@CR20], [@CR38], [@CR47], [@CR52], [@CR53]\], and other congenital lesions. The addition of 3D color-Doppler imaging can be helpful in assessing the mechanism of valvular regurgitation, allowing for a detailed preoperative assessment. Until recently the availability of only low frequency matrix transducers limited spatial resolution in children. The very recent release of a high frequency pediatric 3D transducer resulted in improving the spatial resolution even in small infants. Detailed 3D images of cardiac structures in even small babies can now be obtained. The time resolution is still poor and certainly the image quality and the on-line and off-line handling of the volumetric datasets could further be improved. No doubt further technical improvements will make this a standard technique in pediatric cardiac imaging. The challenge will be how this can be integrated into daily clinical practice. In 2007 a new transesophageal probe will be released allowing real-time transesophageal 3D echocardiography \[[@CR17]\]. This will further improve peri-operative imaging. Fig. 2Three-dimensional images. **a** 3D view from the left atrium on an abnormal mitral valve. **b** Shows how the volume and ejection fraction can be calculated based on a 3D dataset. After border detection a 3D volume of the left ventricle is calculated and represented by the 'mesh'. This can be done throughout the cardiac cycle allowing calculation of end systolic and end diastolic left ventricular volumes. When these volumes are known, ejection fraction can be calculated

New techniques to assess ventricular function in children {#Sec5}
---------------------------------------------------------

Echocardiography not only opened up the world of cardiac anatomy for noninvasive evaluation, but also allows evaluation of ventricular function. Global cardiac performance is determined by a complex interaction between intrinsic contractility, preload, afterload, and heart rate. Obviously one would like to describe intrinsic myocardial contractility, but due to the fact that a lot of parameters are influenced by loading conditions, this has turned out to become the 'holy grail' of echocardiography. Traditionally, dimensional changes or volumetric changes during the ejection phase of the cardiac cycle have been used to assess systolic ventricular function. This can be done using 1D M-mode techniques to calculate fractional shortening (left ventricular end diastolic dimension − left ventricular end systolic dimension/left ventricular end diastolic dimension) or by volumetric techniques to calculate ejection fraction (left ventricular end diastolic volume − left ventricular end systolic volume/left ventricular end diastolic volume). These techniques are especially load-sensitive and, as for the calculation of volumetric changes, geometrical assumptions are needed, so they cannot be readily applied to congenital heart disease. Another limitation is that most of the quantitative functional measurements have been designed to assess left ventricular function and cannot be applied to the right ventricle which has a completely different morphology.

Recent technical developments have renewed the interest in functional assessment of patients with congenital heart disease. One of the developments is tissue Doppler echocardiography. As the myocardium is moving during the contractile cycle, velocities within the myocardium can be recorded using Doppler technology \[[@CR46]\] (Fig. [3](#Fig3){ref-type="fig"}). By measuring these tissue Doppler velocities in different regions within the myocardium, regional myocardial function can be assessed. This technique has been applied to children with different congenital lesions, and has provided new information on both systolic, but also on diastolic function. Normal values have been established in children and have been shown to change with age \[[@CR13]\]. This has been applied to several pediatric disorders, and especially in hypertrophic cardiomyopathy, reduced systolic and diastolic myocardial velocities were proven to be important prognostic factors \[[@CR30]\]. The use of regional myocardial velocities is limited by the fact that the velocity of a certain myocardial segment is affected by global cardiac motion within the chest (cardiac translation) and the effect (pulling) of surrounding segments on the segment of interest (tethering). This problem can be overcome by measuring regional deformation using strain and strain rate imaging \[[@CR18]\]. These methods look at velocity gradients within the myocardium to actually quantify regional myocardial deformation (Figs. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}). Strain rate measures the rate of deformation of a myocardial segment, and strain measures the local percentage of deformation within the same segment. This technology has been applied to pediatric cardiology to quantify regional myocardial function in different pediatric groups. It has been shown to be able to quantify right ventricular function in patients with tetralogy of Fallot \[[@CR57]\] and after the Senning operation \[[@CR14]\]. Moreover this technique detects subclinical myocardial dysfunction in patients receiving anthracyclines \[[@CR15]\], patients with hypertrophic cardiomyopathy \[[@CR56]\], and also in young patients with Duchenne muscular dystrophy \[[@CR16]\]. This technique has the advantage of looking directly into the myocardium, but as it is looking at ejection phase indices of deformation, they are also afterload- and preload-dependent. They thus do not directly reflect intrinsic contractility but have the advantage of being more geometry-independent. Fig. 3Tissue Doppler velocities can be measured in different segments of the left and right ventricle. In this figure longitudinal velocities in the basal, mid, and apical segments of the interventricular septum and the left ventricular lateral wall are depicted. In the traces obtained, we can measure a peak systolic velocity as well as an early and late diastolic velocity. The systolic and diastolic velocities vary in different myocardial segments with a velocity gradient going from base to apex. The lowest velocities are measured at the apex which is relatively immobileFig. 4Principle of strain measurements. Based on the velocity gradient from base to apex (in the longitudinal direction) or from endocardium to epicardium (in the radial direction), strain rate can be calculated. Integrating the strain rate curve in time results in a strain curve. Strain measures the percentage deformation in a segment, and strain rate measure the rate of deformation in a segmentFig. 5This figures illustrates strain and strain rate curves obtained in the posterior wall. From these curves, peak systolic strain rate and end-systolic strain values are obtained which are used as parameters for regional cardiac function. When deformation is reduced this indicates a regional reduced cardiac performance

A possible solution to the load-dependency of ejection-phase parameters was suggested looking at myocardial motion during the isovolumetric contraction period. During this time period there is a velocity within the myocardium, probably related to the shape change from a more spherical ventricle to an ellipsoid shape (Fig. [6](#Fig6){ref-type="fig"}). The acceleration of this velocity seems to be a good index for intrinsic myocardial function, relatively independent of load changes \[[@CR55]\]. This method is ideal to study contractile reserve during stress testing \[[@CR54]\] and exercise echocardiography, and also during heart rate manipulations to study the force frequency relationship \[[@CR10]\]. Fig. 6Isovolumetric acceleration. During the isovolumetric contraction period, there is a velocity spike in the tracing. The acceleration of this velocity spike is a good parameter for intrinsic contractility

From the tissue Doppler and deformation data it has become obvious that the cardiac contraction pattern in different cardiac segments in patients with congenital or acquired heart disease can be extremely dyssynchronous reducing the mechanical efficiency of the global contraction. Restoring the synchronicity between the different cardiac segments by biventricular pacing techniques can in some patients improve cardiac function. This has recently been applied in patients with congenital heart disease with very promising results \[[@CR11], [@CR21]\].

Further study is needed to look at the relationship between deformation, loading, and geometry. This will require the combination of 3D techniques, myocardial imaging, and computational modelling of cardiac mechanics.

New developments in cardiac magnetic resonance imaging (MRI) {#Sec6}
------------------------------------------------------------

Cardiac magnetic resonance imaging (MRI) is rapidly developing and currently is becoming increasingly accepted as an important imaging tool in pediatric cardiology. The indications are situated in these areas where echocardiography cannot answer the clinical questions. A first common indication for the use of cardiac MRI is for better visualisation of extracardiac anatomic structures including the pulmonary arteries with the distal branches, the aorta, the pulmonary veins, and the systemic veins \[[@CR22], [@CR27]\]. If there is any doubt about these structures which can be difficult/impossible to visualize using echocardiography because of interposition of the lungs, MRI is a good alternative to cardiac catheterisation with a high spatial resolution. Even smaller vessels like the coronary arteries can nicely be displayed using cardiac MRI. This can be applied in the evaluation of coronary arteries after Kawasaki disease \[[@CR29]\] or to evaluate coronary anatomy after the arterial switch operation \[[@CR48]\].

Cardiac MRI has the advantage of being a volumetric technique allowing 3D reconstructions. This is advantageous for the evaluation of congenital heart disease. Complex intracardiac anatomy can be displayed, but for describing intracardiac anatomy, echocardiography is probably still the preferred technique. With cardiac MRI not only anatomy but also blood flow and ventricular function can be studied. Blood flow measurements allow the quantification of left-to-right shunts and the quantification valve regurgitation \[[@CR24]\]. This has been applied to patients after tetralogy of Fallot repair where pulmonary regurgitation is one of the important residual lesions which can be difficult to evaluate using echocardiography \[[@CR23]\]. Due to its volumetric measurements, cardiac MRI has become the golden standard for the quantification of ventricular mass and volumes of both left and right ventricles. These measurements can be applied to quantify ejection fraction and ventricular performance. Currently, it has become the technique of choice to study right ventricular function in patients after tetralogy of Fallot repair and in patients with systemic right ventricles, e.g., after a Senning or Mustard operation for transposition of the great arteries. Ventricular mechanics can be assessed using myocardial tagging imaging which allows 3D assessment of ventricular mechanics \[[@CR31]\]. This has been used in patients with complex congenital heart disease. The major drawback of this technique is that it requires complicated postprocessing, turning it into a specialized research tool.

Finally there is hope that in the future cardiac interventions in congenital heart disease can be performed using MRI \[[@CR40]\]. Currently X-MR suites are being used for combining fluoroscopy and MR to guide complex interventions like stent implantation in difficult pulmonary artery stenosis. Currently it is still not possible to use MRI only to guide interventions. This will require new technical developments like catheters and devices which can be visualized in the MR scanner. Another issue is the temporal resolution of the technique which is currently still a limitation.

Multislice computed tomography (CT) in pediatric cardiology {#Sec7}
-----------------------------------------------------------

During recent years CT technology has evolved extremely quickly through the development of the multidetector CT scanners. The development of 16-, 32-, 64, and 128- detector CT technology allowed extremely fast acquisition with very high spatial resolution. For anatomical description, this technology can be considered as an alternative to MRI for visualization and 3D reconstruction of extracardiac anatomical structures like the pulmonary arteries, the aorta, the pulmonary veins, and even smaller vessels like the coronary arteries \[[@CR26], [@CR27]\]. For this last indication, cardiac CT is more and more often considered to be an alternative to coronary angiography in the detection of coronary artery disease. Thus, it has also been used in pediatric cardiology in conditions where imaging of the coronary arteries is important. Also for imaging vascular rings and slings cardiac CT could be a valuable alternative to both cardiac catherization as well as cardiac MRI. Compared to cardiac MRI, the short acquisition times of multislice CT are a great advantage obviating the need for sedation or general anaesthesia in younger patients. A full MR study easily takes 30--60 minutes while a multidetector CT study can be performed in a few seconds. The important disadvantage and concern is the radiation exposure associated with the multiple detectors. As the number of detectors is increasing, so is the radiation dose. This is an issue which must be resolved as the long-term effects of radiation exposure in children are uncertain. Hopefully, technical improvements and new scanning protocols will resolve this issue.

European standards for training and accreditation in pediatric echocardiography and cardiac MRI {#Sec8}
-----------------------------------------------------------------------------------------------

Imaging techniques are changing very quickly and this is a real challenge for the users of this technology. Training and, afterwards, maintaining competence has become a real challenge. Due to the relatively small size of most pediatric cardiology programs in Europe, there are few established training programs focussing on the different imaging modalities. In Europe most pediatric cardiologists are trained as all-around specialists with no subspecialty training in cardiac imaging. In order to guide training in cardiac imaging the Association for European Pediatric Cardiology published training guidelines for pediatric echocardiography and cardiac MRI \[[@CR19], [@CR33]\]. In addition a European accreditation process was developed by the AEPC in collaboration with the European Association of Echocardiography (EAE). This process consists of a theoretical examination which took place for the first time in 2006 during the Euroecho 10 meeting in Prague, and a practical part which requires the submission of 750 written reports. The first 14 candidates successfully passed the theoretical test. The introduction of individual accreditation will be followed by accreditation of echocardiography laboratories in the near future. In this way quality standards are set for the practice of pediatric echocardiography in Europe. In this way it is hoped to guarantee high quality diagnostics to children with congenital and acquired heart disease.
